Neurodegenerative diseases typically afflict adults in mid-life, and are characterized by motor or cognitive symptoms that get progressively worse with age and that usually reduce life expectancy. Human neurodegenerative disease can result from a variety of environmental and genetic causes. Genetic factors in particular have been instrumental in developing our understanding of the aetiology and progression of such diseases, and can range from mutations that increase the risk for a particular disorder, to mutations that are the sole, direct cause of a disease. As with cancer, which is another collection of related diseases, neurodegeneration can result from dominant or recessive mutations. In this Review, we focus on the role of Drosophila melanogaster in characterizing 'neurodegeneration suppressor genes' , which we see as analogous to cancer tumour suppressor genes. Defined by recessive loss-of-function mutations that cause neurodegeneration, such genes are required for maintaining the integrity of the adult central nervous system (CNS).
. Of the human protein sequences associated with disease in the Online Mendelian Inheritance in Man (OMIM) database, 74% have highly related sequences in the fly 7 (see also the Homophila web site). Moreover, a number of dominantly inherited human neurodegenerative diseases, such as those caused by polyglutamine repeat expansions, have been successfully modelled in D. melanogaster by transgenic expression of the human disease genes (reviewed in Ref. 8) . Subsequent screens for fly genes that modify the effects of toxic human proteins have been enormously successful, leading to new insight into these diseases and demonstrating the parallels between human and fly neurodegeneration.
Here we focus on a complementary approach, distinct from transgenic modelling of human neurodegenerative diseases: the identification of loss-of-function mutations in endogenous fly genes that cause brain degeneration. More than half of such genes either have human orthologues linked to disease or provide information about conserved processes that are required for maintaining the structural integrity of the CNS -a tissue with complex cell types that, for the most part,
Glia
Support cells for neurons.
Phototaxis
Movement towards a light source. A behaviour often used in flies to test locomotor activity and eye function.
Parkinsonism
Showing symptoms characteristic of Parkinson's disease (tremor, rigidity, slowing of movement, postural instability and shuffling gait) that respond to treatment with dopamine. undergo no cell division or renewal during the lifetime of the animal. The last few years in particular have seen rapid advances in this field with screens to identify new fly neurodegeneration genes, and to elucidate the roles of genes previously known to be crucial in human neurodegeneration. Below, we highlight examples showing how fly genetics can be used to address human disease. From a survey of currently known fly neurodegeneration genes, five key cell biological processes stand out as vital for maintaining CNS integrity. Finally, we address insights from D. melanogaster mutants into the role of glia and cell-cell interactions in neuronal integrity. Parallels between the fly, mouse and human underscore the conservation of gene function in maintaining the nervous system, and suggest that further investigations in the fly will reveal additional insight relevant to the entire field.
Of screens and genes
Genes required for the maintenance of the adult fly brain have been discovered by three approaches: screens, candidate genes and fortuitous mutations. In screens to identify genes associated with neurodegeneration, the classic approach has been to select viable adult mutant fly lines with a behavioural defect, and then screen by histology for CNS degeneration. Interestingly, the first assay devised for the genetic analysis of fly behaviour was instrumental in the first discovery of a mutation that causes neurodegeneration in the adult fly, in the gene drop-dead (drd) 8, 9 . later screens in Seymour Benzer's laboratory focused on mutants with shortened lifespans 10, 11 . In the late 1970s, Heisenberg and Bohl screened for fly mutants defective in phototaxis and then performed a type of high-throughput mass histology on fly heads 12 . Recent screens have looked for degeneration in mutant flies that become paralyzed with a change in temperature 13 or with mechanical stress 14 , or that have altered circadian rhythms 15 . The candidate gene approach is an alternative to screens -fly orthologues of mouse or human genes that are known to cause neurodegeneration have been identified and characterized using this technique. Finally, many fortuitous mutations isolated in unrelated studies have shown unexpected loss of integrity of the brain.
Currently, 44 genes required for CNS integrity in D. melanogaster have been characterized (Supplementary information S1 (table) ; an expanded, updated version of the table is available at the Bonini laboratory website). A subset of these genes, those discussed most extensively in this Review, is shown in 16 , but 1 year later the human orthologue was found to be neuropathy target esterase 17 (NTe; also known as PNPlA6). In mammalian cells, the phospholipase activity of NTe breaks down the membrane lipid phosphatidylcholine to glycerophosphocholine 18 ; sws mutant flies have excess phosphatidylcholine 19 , which may affect membrane properties in a deleterious manner. SwS and NTe also share a conserved domain that acts as a non-canonical regulatory subunit of cyclic AMP-dependent protein kinase (PKA) 20 . Inactive PKA is a tetramer of two regulatory subunits and two catalytic subunits; when the regulatory subunits bind cAMP, they release the catalytic subunits, which then become active. An N-terminal transmembrane domain anchors SwS (NTe in mammals) to the cytoplasmic face of endoplasmic reticulum membranes 18 and thus may sequester PKA catalytic subunits there. The PKA regulatory activity of SwS (discussed further in a later section) has at least a partial role in neurodegeneration, as exogenously expressed SwS with a mutation in the binding domain cannot fully rescue the sws mutant defect 20 . Presumably, the partial rescue observed with this transgene is mediated through the intact phospolipase activity.
Biochemical activities of SwS and NTe seem to be conserved, but is this true of the role of NTe in maintaining CNS integrity with age? Knockout of Nte in the mouse is lethal, but if loss of the gene is restricted to the CNS, then the mouse survives to adulthood but suffers from neurodegeneration 21 . underscoring functional conservation, mutations in human NTE cause spastic paraplegia 39, a hereditary motor neuron degenerative disease 22 . Furthermore, NTe is a target of organophosphates, a class of compounds that includes many pesticides and the neurotoxin sarin. Following long-term exposure, these compounds bind to the catalytic serine residue of NTe and cause axonal degeneration 18 . Thus, characterization of the sws mutation in flies led to a series of studies that defined biochemical activities of the NTe protein and revealed its role in disease and in response to environmental toxins.
The example of sws demonstrates one reason why studies of neurodegeneration in the fly are valuable: the unbiased, forward genetics screen is a classic method in D. melanogaster that has led directly to the identification of new neurodegeneration genes in mice and humans.
Pink1 and park. At least three inherited forms of parkinsonism are caused by recessive mutations. In two of these forms, loss of PINK1 (PTeN-induced putative kinase 1) or PARK2 (Parkinson disease 2, parkin) function causes familial juvenile onset parkinsonism 23 . Several groups have taken a candidate gene approach to studying the roles of these Parkinson's disease genes in D. melanogaster. One defect in Pink1 or parkin (park) mutant flies is abnormal wing posture. Ostensibly unrelated to • Fly: increased apoptosis. Both neuronal and glial death 12, 16, 19 • Mouse: neurodegeneration owing to conditional brain-specific knockout A subset of the Drosophila genes associated with progressive, adult-onset histological defects in the fly brain, shown in full in Supplementary information S1 ( loss of brain integrity, the wing effect has been revelatory as it is caused by problems in underlying muscles with a high demand for energy, thus focusing attention on the role of mitochondria in Parkinson's disease. loss of either Pink1 or park in flies results in remarkably similar effects in addition to the wing defect, including structural defects in mitochondria, muscle degeneration, shortened lifespan and male infertility [24] [25] [26] . A breakthrough in the understanding of these genes came from a simple genetic experiment in the fly: the forced expression of the normal park gene in a Pink1 mutant background. This showed that park gene function can rescue all Pink1 mutant defects [24] [25] [26] . This is a classic example of an epistasis experiment -the study of combinations of gene activities, through either recessive loss-of-function or dominant gain-of-function mutations -and shows that PARK functions downstream of PINK1. The result has been confirmed in human cells: expression of PARK2 in cells derived from two patients with different PINK1 mutations can rescue the mitochondrial defect 27 . PINK1 is a protein kinase principally localized to mitochondria, whereas PARK is principally cytoplasmic, suggesting the intriguing possibility that aberrant signalling between the mitochondria and cytoplasm may have a role in disease. Mitochondria are not static structures but are in a constant flux of fusion and fission in response to cellular conditions. Further evidence that PINK1 and PARK work together to regulate mitochondrial structure comes from genetic manipulation of mitochondrial dynamics in flies: Pink1 and park mitochondrial defects can be rescued by either upregulating a mitochondrial fission protein (DRP1) or knocking down mitochondrial fusion proteins (OPA1 or MARF; also known as MFN2) 28, 29 . In humans, MFN2 (mitofusin 2) mutations cause the neurodegenerative disease Charcot-Marie-Tooth type 2A and, in the mouse, loss of Mfn2 in the cerebellum causes aberrant mitochondrial structure and function in Purkinje cells, resulting in their degeneration 30 . The work with Pink1 and park demonstrates a second reason why neurodegeneration studies in the fly are valuable: epistasis experiments are routine in D. melanogaster and are a powerful approach to defining functional gene order in pathways conserved in the mouse and human.
Box 1 | Retinal degeneration in Drosophila melanogaster
Phototransduction -the conversion of light into neural signals -occurs through a G protein-coupled pathway. Mutations in many genes in this pathway in the fly typically induce light-dependent retinal degeneration, but not neuronal loss elsewhere in the fly 82 . However, as vision in the fly is not essential for viability or reproduction, the eye is an attractive tissue in which to model general neurodegeneration. A number of tools are available for such purposes. Genetic tricks include transgenic RNAi constructs targeted specifically to the developing eye or to mature photoreceptor neurons, and the generation of homozygous mutant eyes in an otherwise heterozygous animal 83 . Either method allows perturbation of the eye without affecting the viability of the animal as a whole. Methods for assaying photoreceptor degeneration include a simple behavioural assay, such as phototaxis (healthy flies run robustly towards light), or the electroretinogram, which measures the amplitude of phototransduction and the efficacy of the synaptic output of photoreceptor neurons. Photoreceptor loss can also be seen directly by histology or, more easily, by optical neutralization, commonly called the pseudopupil preparation. This visualization of the light-gathering organelles of the photoreceptors can be performed on unfixed, intact heads, allowing easy quantification 84 . The figure shows pseudopupil preparations of a normal retina (a) and a degenerate retina (b). The table highlights six genes associated with retinal degeneration that are unlikely to be directly involved in phototransduction. Roles for these genes in maintaining central nervous system integrity in the fly have not yet been addressed but are likely to exist, owing to their widespread expression or association of orthologues with neurodegenerative disease. Images reproduced from Ref With a mix of electrical, cholinergic and glutaminergic synapses, this preparation is particularly useful for testing central nervous system function in the adult 93 . The giant fibre neuron (blue) is located in the brain and, in the thoracic ganglion, it synapses with a motor neuron (green) that directs the jump muscle and with an interneuron (black) that in turn synapses with five motor neurons (only one shown for clarity) that direct a set of flight muscles. Neurons and muscles are bilaterally symmetrical and only one side is shown for simplicity. Recordings can be made from the muscles, or intracellularly from the giant fibre axon or from the motor neurons. An advantage of this technique is that it provides a direct assay of neuronal dysfunction; a disadvantage is that is labour intensive.
Behaviour
Well-characterized behaviours in the fly range from mating to aggression. Climbing (sometimes called negative geotaxis) is the most commonly assayed behaviour with respect to fly neurodegeneration for three reasons: as a test of mobility, it can reflect the ataxia that is common in human neurodegenerative diseases; large numbers of flies can be tested quickly; and the behaviour is robust (for most strains, ~90% of flies will immediately start climbing the walls of a container after they have been tapped to the bottom). An advantage of this technique is that it correlates with human disease. Disadvantages are that a loss of climbing can be due to factors other than neurodegeneration, and the behaviour can vary significantly with genetic background.
Lifespan
Not all flies that die early do so from brain degeneration, but all neurodegenerative mutants have shortened lifespans. Therefore, a straightforward first look at a mutant can be obtained with a survival curve, which can be coupled with feeding toxins such as paraquat. Advantages of this technique are that it is easy to perform and correlates with human disease; disadvantages are that it is time consuming, there are possible causes other than neurodegeneration, it can vary significantly with genetic background, and it provides little insight into pathology. 
Ubiquitin-proteasome system
Members of a large family of e3 ubiquitin ligases recognize specific substrate proteins, tagging them by polyubiquitination for degradation in the proteasome, a large cylindrical protein complex.
Autophagy
More precisely, macroautophagy -the engulfment of protein aggregates or organelles by vesicles with double-bilayer membranes, which then fuse with lysosomes for degradation of their contents.
Processes crucial to CNS integrity
The genes in Supplementary information S1 (table) can be classified according to five cell biological processes, although many of these genes have multiple roles (fIG. 1) . Although this analysis stems from D. melanogaster neurodegeneration mutants, an important theme is the commonality of these processes between flies and mammals. The protein homeostasis process includes genes that function in both the ubiquitin-proteasome system and in autophagy or lysosomal degradation, a topic reviewed elsewhere 31, 32 . Genes classified in the cytoskeleton process have roles both in the function of 
Amyloid
Protein aggregates that accumulate as fibres of 7-10 nm in diameter with common structural features including β-pleated sheet conformation and resistance to detergents and proteases.
microtubules (which are the principal structural element of long neurites) and in the actin-based cytoskeleton, which is vital for synapse formation and plasticity. Below, we highlight recent work on aspects of the other three processes: lipid homeostasis, signal transduction and mitochondrial function.
Lipid homeostasis. lipids serve as the key constituent of membranes, as a source of energy and as signalling molecules. A number of D. melanogaster neurodegeneration mutants have been linked to pathways of lipid homeostasis. ethanolamine kinase, encoded by eas 33 , catalyses the first step in one pathway for synthesizing phosphatidylethanolamine, a phospholipid that in mammals is enriched in neuronal and mitochondrial membranes 34 . exactly how phospholipid composition could affect degeneration is unclear, but one possibility involves membrane properties such as fluidity, which could influence channel or neurotransmitter functions. Furthermore, different organelles can have characteristic phospholipids in their membranes, and so altering phospholipid composition could affect, for example, organelle trafficking 35 . Three other genes linked to neurodegeneration are involved in fatty acid catabolism (fIG. 2) . fbl (fumble) and Ppcs (phosphopantothenoylcysteine synthetase) have recently been characterized and they encode enzymes in the pathway for synthesis of coenzyme A, which is required for the first step in the degradation of fatty acids 36 . bgm (bubblegum) encodes a fatty acid coenzyme A ligase that seems to be specific for very long chain fatty acids. Degeneration in bgm mutants can be partially rescued by feeding the flies a fatty acid component of 'lorenzo's Oil' , a putative preventive treatment for adrenoleukodystrophy, perhaps by inhibiting the synthesis of very long chain fatty acids 11 . Together, fbl, Ppcs and bgm could affect neuronal membrane properties or energy availability. If the latter function is vital, then an interaction would be predicted between these genes and those encoding the mitochondrial fatty acyl translocation apparatus (fIG. 2) , which consists of a translocase and enzymes which attach and remove fatty acids from the carrier molecule carnitine 37 . Cholesterol is an essential constituent of animal membranes and has been linked to Alzheimer's disease. Deposition of amyloid-β peptide into amyloid plaques, the hallmark of Alzheimer's disease, is enhanced by high cholesterol levels through unknown mechanisms, perhaps through changes in membrane properties 38 -APP, the amyloid-β precursor, is a transmembrane protein. In the fly, SNF4Aγ mutants have a 40% reduction in cholesteryl ester levels, which may increase free cholesterol, and loss of Appl, the fly version of APP, enhances degeneration in SNF4Aγ mutants 39 . SNF4Aγ encodes a subunit of AMP-activated protein kinase (AMPK), discussed further below. Although flies do not synthesize cholesterol de novo, they do have HMG CoA reductase, the enzyme that catalyses the rate-limiting step in cholesterol synthesis in vertebrates and that is directly phosphorylated and inhibited by AMPK 40 . loss of one copy of the gene that encodes HMG CoA reductase (Hmgcr) partially rescues the degeneration in SNF4Aγ mutant flies, and overexpression of Hmgcr enhances degeneration 39 . Statins -a class of compounds that target HMGCR and are used to treat high blood cholesterol levels -seem to reduce the risk of Alzheimer's disease 38 , and feeding a statin to SNF4Aγ mutant flies decreases degeneration 39 . Cholesterol is a versatile lipid: it is the precursor of hormones (see below), an adduct of signalling proteins 41 and a regulator of membrane fluidity with a key role in synapse function 42 . The relative importance of each of these roles in neurodegeneration remains to be determined. . High Ca 2+ levels in the matrix trigger formation of the permeability transition pore (PTP), through which cytochrome c can be released, activating caspases and apoptosis. Not shown are apoptosis-inducing factor and members of the BCL2 family, proteins that also regulate apoptosis and translocate between the cytoplasm and the outer surface of mitochondria 72 .
Ecdysteroids
Steroids that are similar in structure to ecdysones, found in arthropods and some plants.
Ecdysone
Steroid hormone found in arthropods. In insects, 20-hydroxyecdysone stimulates moulting and metamorphosis.
In flies, dare activity is required in mitochondria for the synthesis of ecdysteroids from cholesterol (fIG. 2) . Feeding larvae ecdysone rescues an early developmental defect caused by null dare mutations 43 and, as neuronal expression of dare can rescue adult neurodegeneration 44 , there may be a role for ecdysteroid synthesis in CNS maintenance. The mammalian gene NPC1 presents an interesting parallel to the dare story. Niemann-Pick disease can be caused by loss of NPC1 and is characterized by misregulated cholesterol and sterol trafficking. Mice lacking Npc1 have many of the same neurodegenerative symptoms as patients with Niemann-Pick disease, as well as deficits in the neuron-specific synthesis of steroid hormones 45 . Strikingly, these effects can be rescued by feeding the Npc1-null mice a brain-specific steroid 45 . The dare and Npc1 results raise the intriguing possibility that steroid hormone signalling in the adult brain plays a part in maintaining morphological integrity. fIG. 1 implicate known signal transduction pathways in neurodegeneration, but at present few molecular details are known about how dysfunction of these pathways causes degeneration. alc and SNF4Aγ, encoding the β-and γ-subunits of AMPK, respectively, are the only genes that can be classified into three of the processes depicted in fIG. 1 , thus seeming to be at a nexus of cellular pathways involved in neurodegeneration 39, 46 . AMPK is a crucial control point for metabolism and is composed of the catalytic α-subunit, the β-subunit (which seems to be a scaffold), and the γ-regulatory subunit, which binds AMP 40 . Rising AMP levels indicate an energy deficit, which activates the kinase 40 (fIG. 2) .
Signal transduction. A number of the genes classified in
The sws mutation suggests a role for PKA in maintaining CNS integrity (discussed above); PKA functions in a well-characterized pathway that is required during development and for learning and memory 47 ,
Excitotoxicity
The over-stimulation of excitatory neurotransmitter receptors, which causes an influx of calcium in the postsynaptic neuron.
and that plays a part in axon regeneration 48 . Both AMPK and PKA signalling are essential for the development and function of many cell types, and so uncovering the details of how these specific pathways affect brain integrity will require the use of tools for investigating their roles specifically in mature neurons.
Recent mammalian cell culture experiments that have grown out of the Pink1-park epistasis experiments have shed further light on this mitochondrial pathway. Although PARK is typically cytoplasmic, coexpression of PINK1 causes translocation of PARK to mitochondria; translocation depends on PINK1 kinase activity 49 . Further experiments have suggested that PINK1 may directly phosphorylate PARK 49 . In mammalian cells, PARK can mediate the autophagic engulfment of dysfunctional mitochondria 50 . How this is done is unclear, although PARK has alternative ubiquitin ligase activities 51 that are associated not with proteasomal degradation but rather with other processes, such as protein trafficking 52 . A likely direct substrate of PINK1 was recently shown to be the serine protease HTRA2 (Ref. 53) , which is released from mitochondria during apoptosis and has pro-apoptotic activity 54 . However, loss-of-function mutations of HTRA2 in humans can cause Parkinson's disease, and knockout of Htra2 in mice causes parkinsonism-like defects 54 . Pro-apoptotic activity for D. melanogaster HtrA2 has been shown recently 55, 56 , but a role for the fly gene in neurodegeneration is unknown at this point, and the mechanism of HTRA2's role in CNS integrity remains unclear.
Many of the neurodegeneration-associated signal transduction genes play a direct part in neuronal activity, either by maintaining membrane excitability or by mediating signals across the synapse. For example, CSP is a synaptic vesicle protein that is required for proper neurotransmitter release 57 . Since its initial characterization in flies 58 , loss of CSP has been shown to cause neurodegeneration in the mouse 59 and, surprisingly, this can be rescued by upregulation of α-synuclein 60 (dominant mutations of which, including increased copy number of the normal gene, are a cause of Parkinson's disease 61 ). These studies reveal a potential overlap in biological function between CSP and α-synuclein at the synapse, and the susceptibility of neurons to toxicity from abnormal synaptic function.
Ace encodes acetylcholine esterase, which degrades the neurotransmitter acetylcholine; work on Ace in the fly 30 years ago thus implicated excitotoxicity as a mechanism for neurodegeneration 62, 63 . Similar to acetylcholine esterase, the transporter encoded by Eaat1 buffers an excitatory neurotransmitter, in this case glutamate 64 . Furthermore, excessive neuronal firing is observed in neurodegenerative, dominant mutations of Atpα 65 , which encodes the α-subunit of the Na + /K + ATPase. Collectively, these studies highlight the role of excitotoxicity in neural integrity. By contrast, other electrophysiological studies show decreased transmitter release and reduced phototransduction and synaptic transmission in spin mutants 66, 67 . Perhaps CNS integrity in the adult requires that neurons be maintained in a 'Goldilocks state' of neither abnormally high nor abnormally low levels of activity, a phenomenon parallel to vertebrate neural development, in which excess neurons are trimmed in a manner that is dependent on their level of activity. (fIG. 1) : the set of genes affecting mitochondria overlaps each of the other four sets described. fIGURe 2 illustrates the functions of gene products from Supplementary information S1 (table) that are associated with mitochondria. The synthesis of the cellular energy currency ATP is the principle purpose of mitochondria, and is directly implicated in neuronal integrity by mutants in levy and ATP6, which encode components of the electron transport chain, and by the sesB product, which transports newly synthesized ATP to the cytoplasm. ATP6 is the only gene implicated so far in D. melanogaster neurodegeneration that resides in the mitochondrial genome. The ATP6 mutation arose spontaneously in a sesB mutant background, and it has a mild effect on neuronal integrity when it is the only mutation 68 . Interestingly, patients with the human disease associated with the sesB orthologue (progressive external opthalmoplegia 2) also have multiple, varying mitochondrial DNA deletions, raising the possibility that nuclear gene mutations that cause mitochondrial dysfunction also leave mitochondrial DNA in a state more vulnerable to lesions 69 . Reactive oxygen species such as superoxide (O 2 -) are toxic products of mitochondrial respiration, are associated with DNA damage and have long been suspected as a cause of ageing and neurodegeneration 70 . For example, the Sod product superoxide dismutase scavenges O 2 -
Mitochondrial function. Mitochondria are central to the processes affecting neurodegeneration
. TRAP1, a mitochondrial chaperone that is phosphorylated in response to oxidative stress, is a recently described in vivo substrate of PINK1 in human cells 71 . PINK1 can protect these cells against oxidative stress, an activity that depends on TRAP1 (Ref. 71 ).
Mitochondria are not simply passive passengers in eukaryotic cells. They regulate their morphology in response to specific cellular needs and their own level of functionality, as discussed above with respect to PINK1 and PARK in D. melanogaster. Furthermore, mitochondria integrate apoptotic signals and facilitate apoptotic cell death. A key event to initiate apoptosis is the opening of the permeability transition pore 72 ; this allows release into the cytoplasm of cytochrome c, apoptosis-inducing factor and perhaps HTRA2 (see above). The pore is opened following increased Ca 2+ concentration in the mitochondrial matrix. Recently, a Na + -Ca 2+ antiporter activity, which has not yet been molecularly characterized in mammals or in flies, was shown to be blocked in cultured mammalian Pink1 mutant neurons, resulting in increased mitochondrial Ca 2+ levels 73 . Thus, misregulated apoptosis may be a contributing cause of neuronal death in Pink1-dependent parkinsonism. Indeed, the proximal cause of neuronal death for many of the mutants in Supplementary information S1 (table) is apoptosis, although in many cases apoptosis may be triggered simply in response to an underlying pathology.
Haemolymph
The interstitial fluid in insects, which have an open circulatory system. Unlike blood, haemolymph has only a small role in carrying O 2 and CO 2 , which is principally done by the tracheal system.
Optic lobes
Large, bilaterally symmetric structures of the fly brain that process visual input.
Glia and cellular interactions
The discussion above is largely focused on cellautonomous ways that neurons can die, that is, from intrinsic problems such as dysfunctional mitochondria. But neurodegeneration can occur through aberrant cell-cell signalling as well, implicated by genes that play a part in synaptic transmission and that suggest a role for neuronal steroid hormones. Glial interactions are a clear example in which cells are necessary for the proper maintenance of neighbouring neurons. Below we consider fly genes that have implicated glia in neurodegeneration, and how genetically mosaic flies can uncover roles for cell-cell signalling in neuronal maintenance.
Glia carry out essential functions in vertebrates, such as modulation of synapses, formation of the blood-brain barrier, basic immune system duties and protection of long axonal tracts. All of these roles have clear parallels in the fly 74 . For example, although flies do not have a vascular circulatory system, glia form a blood-brain barrier analogue by sealing off neurons from the surrounding haemolymph. Flies do not have an adaptive immune system, but fly glia perform some of the immune tasks of vertebrate microglia, such as engulfing dead neurons. Finally, although flies do not have myelin, they do have a glial cell type that ensheaths axons -comparable to Schwann cells, which myelinate long axonal tracts in mammals. Thus, glia are essential for proper neuronal function in flies, and indeed four genes in TABLe 1 implicate glial function in the maintenance of the brain.
The expression of two of these genes -repo and Eaat1 -is restricted to the glia. The RePO protein is a transcriptional regulator that is required for glial development; null alleles are lethal, reflecting the essential role for glia in the animal. A partial loss-of-function allele of repo reveals a role for the gene in maintaining the adult CNS 75 , although the specific defects in these mutant glia that cause neuronal loss are unclear. Eaat1, the transporter mentioned above, probably scavenges excess glutamate, which is a neurotransmitter. The transporter is enriched in glial membranes at synaptic clefts, and thus this gene implicates D. melanogaster glia in modulating synaptic activity 64 . Flies mutant for drd seem to be normal for ~1 week, then suddenly become uncoordinated, dying within hours with holes throughout the brain. Glia in drd mutants have structural defects, and there are subtle glial abnormalities in young adult mutants, which are apparent before the onset of behavioural defects 76 . The location of drd function was addressed in the early 1970s in genetically mosaic flies that are partly mutant for drd and partly normal 8 . Strikingly, most flies with heads that were half mutant and half normal behaved like normal flies and had normal brain morphology. That is, in these animals brain histology was normal on the side of the head that was genotypically mutant. Therefore, the function of drd mutant tissue can be rescued by adjacent normal tissue, implying the existence of drd-dependent diffusible signals.
Young adult sws mutants also have an early glial defect: multiple glial membranes wrap adjacent neurites that, normally, are wrapped by only a single layer 16 . eventually, glia die along with neurons 19 . In contrast to the non-autonomy of drd mosaics, however, degeneration in mosaic sws flies corresponds to genotypically mutant parts of the brain 16 , ruling out a long-range, sws-dependent signal. The method that is used to construct the mosaic flies was the same that was used to analyse drd, producing broad swatches of mutant brain that can shed little light on a possible requirement for sws activity in glia, which are intermingled with neurons. Other methods of making mosaic flies, such as looking at sws mutant glia situated adjacent to normal neurons, could address questions such as sws-dependent glial-neuronal interactions. The reciprocal experiment -determining the degree of rescue in a mutant animal following targeted expression of the wild-type gene -is also informative. For example, in flies, neuronal expression of normal NPC1 can rescue NPC1 mutant adults and, interestingly, glial expression of the normal gene also rescues the mutant phenotype, although not as efficiently 77 . In summary, as is the case in higher organisms, glial function is crucial for neuronal integrity in the fly, and the repertoire of tools for fly genetics should allow for both glial function and interneuronal signalling to be addressed systematically.
Conclusions
The genes discussed in this Review share a number of themes. First, most are widely expressed, either ubiquitously or enriched throughout the CNS (interesting exceptions being Eaat1 and repo, which are restricted to glia). Second, behavioural defects are common in flies that are mutant for these genes. Third, all these D. melanogaster neurodegeneration mutants have shortened lifespans, which correspond with the severity and time course of degeneration (see below). These aspects of fly neurodegeneration mutants mirror observations of neurodegenerative diseases in humans: widespread expression of causative genes, neurological symptoms such as ataxia or tremor, and early death.
A variation among the genes is the spatial extent of degeneration that occurs in the brains of mutant flies. In many cases, lesions are seen throughout the brain and even in the thoracic ganglion (the large ganglion that is a thickening of the ventral nerve cord). In other mutants, lesions are seen only in specific subregions of the brain, typically the optic lobes. The time course of degeneration can also vary widely among the mutants: from hours in the case of dare 43 to approximately 1 month in the case of Adar
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. Moreover, whereas adult dare mutant flies die within a few days, Adar mutants can live nearly as long as wild-type flies. Such variation is probably due only partly to the absolute requirement for a particular gene in maintaining CNS integrity. Other factors include possible earlier roles in development and the strength of the mutant allele.
Undiscovered neurodegeneration genes.
Identifying new genes with a role in maintaining adult CNS integrity in the fly is perhaps the fastest way to identify them in humans, given the ease of genetic screens for brain integrity mutants and the range of genetic tools available for assessing gene function. There are almost certainly many as-yet undiscovered gene activities that are required for maintaining the CNS. D. melanogaster screens that are specifically designed to identify neurodegeneration genes have not been any more successful than other methods in flies: 14 genes in Supplementary information S1 (table) were identified in such screens; another 16 were candidate genes; and another 14 were fortuitous mutations. Probably owing to their labour-intensive nature, none of the previous screens achieved saturation, as most of the relevant genes are represented by single alleles. Genes with a narrow role in maintaining a specific neuronal subtype may be underrepresented owing to technical limitations (see below); most of the genes surveyed here cause broad neurodegeneration when mutated. Genes that are essential for development are also underrepresented: all those discussed here that are characterized by complete loss-of-function mutations are viable. This limitation could be overcome by the study of gene activity in differentiated adult neurons using transgenic RNAi constructs and, if necessary, methods to control expression of the RNAi construct temporally 79 . Developmentally essential genes can also be analysed in genetically mosaic flies.
Fly genes and human neurodegeneration. In a number of cases the mouse or human orthologue of a fly gene in Supplementary information S1 (table) is directly associated with neurodegeneration. There are three other possible relationships between a fly gene and mammalian brain integrity. The mouse or human orthologue may be closely related to another disease-associated gene through gene duplication (for example, futsch in TABLe 1 ). Second, a fly gene may encode a protein that is part of a complex, a separate subunit of which has been shown to cause neurodegeneration in mice or humans (for example, Atpα). Finally, a fly gene may function in a pathway in which another gene is linked to neurodegeneration. For example, the fly gene levy encodes a component of the COX complex, whereas the products of the human genes COX10 and LRPPRC are required for proper assembly and expression of this complex, but the mutations are functionally equivalent. Taken together, 55% of the D. melanogaster genes in Supplementary information S1 (table) are currently linked to mouse or human genes in pathways associated with neurodegeneration. There remain fly genes in Supplementary information S1 (table) for which, at present, no mammalian genes related by sequence or function are associated with neurodegeneration. Such genes may have functions in maintaining adult brain integrity in mammals that are still awaiting discovery.
Open questions. As discussed above, there are probably many more genes associated with neurodegeneration that are not yet identified, and it is likely that other processes will be added to the five highlighted in this Review. Furthermore, there are a number of issues that are yet to be systematically addressed for fly neurodegeneration genes. For example, how are the neurons dying? Apoptosis is involved in many but not all of the degeneration mutants. How widespread is necrotic cell loss? Do neurons die because of defective intrinsic processes or from interactions with aberrant neighbouring cells? For widely expressed genes, tools that enable one to look at requirements for gene activity in glia or in specific neurons are available and might answer the last question: RNAi can be restricted to glia, or to small subsets of neurons 80 . In addition, genetically mosaic flies can be analysed with marked mutant clones as small as a single cell 81 . what types of neurons are dying? For the most part this question has been addressed only for candidate genes for Parkinson's disease. Cell type-specific or brain structure-specific markers combined with confocal microscopy and three-dimensional reconstruction are likely to become more prevalent in the study of brain degeneration; commonly used histological techniques (BOX 2) currently cannot differentiate between affected neuronal types. Finally, in humans, age is the single largest risk factor for diseases such as Parkinson's disease and Alzheimer's disease. A challenge for the future will be to use the advantages of the fly to tease apart the role of ageing in neurodegeneration.
Although an excellent system for investigating neurodegenerative disease, flies are not humans. They lack an adaptive immune system, for example, although flies will allow detailed study of the role of innate immunity. However, striking similarities between fly and human nervous systems mean that studies in flies and mammals complement each other well. Moreover, identification of genes and pathways that are crucial for brain maintenance is straightforward in the fly and serves as a springboard for further investigation in mice and humans. Manipulation of such pathways in the fly enhances approaches to human diseases that are associated with loss of brain integrity and cognitive function.
